Multinuclear NMR study has demonstrated that G-quadruplex adopted by d(G 3 T 4 G 4 ) exhibits two cation binding sites between three of its G-quartets.
INTRODUCTION
Quadruplexes are stable structures adopted by DNA guaninerich sequences that can be found in telomeres, immunoglobulin switch regions and gene promoter regions; these have also been implicated in association with human diseases, as therapeutic targets in drug design and in potential technical applications as nanomolecular devices (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The basic structural motif of G-quadruplex is a G-quartet, which consists of four guanine bases held together in a coplanar arrangement by eight hydrogen bonds. G-quadruplexes differ in stoichiometry and orientation of strands. The major requirement for G-quadruplex formation is the presence of cations, which reduce repulsions of guanine carbonyl oxygen atoms and also promote stacking of G-quartets.
A fairly wide variety of cations is capable of inducing G-quadruplex formation (1, 15 (19) . In the presence of Na + ions, oligonucleotide consisting of four repeats of the human telomeric motif, d(TTAGGG), has been shown to fold into an intramolecular G-quadruplex composed of three G-quartets connected by one diagonal and two lateral TTA loops (20) . In contrast, the crystal structure in the presence of K + ions has demonstrated a propeller-type folding topology (21) . Recent study by circular dichroism has shown that vertebrate telomere repeat, d(TTAGGG), sequences favor the formation of parallel-stranded structures with propeller-type topologies under conditions of high potassium and low sodium concentration as found in nuclei (22) . Changeable cation concentration or gradients in cation concentration combined with the presence of different cations can lead to even more complicated situations where prediction of prevailing G-quadruplex species is difficult. Differences in binding properties of K + and Na + ions have long been noted and have been discussed in terms of metal ion switches inducing conformational changes from one type of G-quadruplex to another (23) (24) (25) .
Solution and solid-state NMR (16) (17) (18) (19) (26) (27) (28) (29) (30) (31) (32) , X-ray crystallography (33) (34) (35) , computer simulations (36) (37) (38) (39) as well as other spectroscopic methods have been applied to localize cations and evaluate cation-dependent structural changes (15, (40) (41) (42) (43) . Further studies are however needed to understand subtle interrelationship between thermodynamic preference of cations for available binding sites, structural details that are cation specific and stability as well as folding pathways of *To whom correspondence should be addressed. The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org G-quadruplexes. G-quadruplexes represent a good model system due to their strong coordination of metal ions. Recently, 15 N-labeled ammonium ion has been used as a non-metallic substitute in combination with 2D NMR spectroscopy to demonstrate that cations are localized between two neighboring G-quartets in solution (44, 45) .
In our previous work, we have shown that d(G 3 T 4 G 4 ) 2 quadruplex, which consists of three G-quartet planes, two overhanging guanine residues and diagonal as well as edgetype loops (Figure 1 ) shows no variation with the nature of monovalent cation although the NMR spectra exhibit specific (de)shielding effects (18, 46) . The present solution NMR study demonstrates that two 15 (Figure 2a ). NMR assignment and 3D structure determination have been described earlier (18, 46) . We herein examined the effect of gradual titration of K Figure 3 were used to assign and localize ammonium ions within d(G 3 T 4 G 4 ) 2 G-quadruplex. 15 NH + 4 ions resonating at both d7.25 (U) and 7.45 p.p.m. (L) show cross-peaks with imino protons of G1, G21, G9 and G13 residues (Figure 3a) that constitute the middle G-quartet (Figure 1a ). In addition, 15 NH + 4 ions at binding site U show correlations with imino protons of G19, G22, G10 and G14 residues (Figure 3a) , which places them between the planes of the middle and the outer G-quartet that is adjacent to the edge-type loop consisting of T15-T18 (Figure 1a ). The 15 NH + 4 ions resonating at d7.45 p.p.m., on the other hand, show additional cross-peaks with imino protons belonging to residues G2, G20, G8 and G12 (Figure 3a) , and are therefore localized between the middle G-quartet and the outer G-quartet which is spanned by the diagonal loop (Figure 1a) . ROESY spectrum shown in Figure 3b was used to localize 15 Figure 1a) .
Although exchange between di-K + and mixed
forms is slow on the NMR time scale respective chemical shift differences are large enough to identify and quantify both species only in the imino region of 1 H NMR spectrum. ROESY experiments that would enable us to follow exchange between di-cation forms based on imino resonances do not allow separation of such exchange process from the exchange of protons between hydrogen-bonded sites. Anyhow, no crosspeaks have been observed above noise level in the imino region of ROESY spectra supposedly due to the opposite signs of correlation signals originating from dipolar interactions of spatially close imino protons and those from exchange processes. Chemical shift differences in other spectral regions were too small and thus cross-peaks were too close to the diagonal to allow the study of exchange of K + cations between the di-cation forms of d(G 3 T 4 G 4 ) 2 .
Determination of binding constants for two distinct binding sites
Two cation binding sites within d(G 3 T 4 G 4 ) 2 G-quadruplex differ to such a degree that 15 NH + 4 ions bound to site U, which is closer to the edge-type loop, are always replaced first during titration by K + ions (Figures 1 and 4) . Furthermore, binding site L is not taken up by K + ion until K + ion already resides at binding site U.
We have then examined cationic preferences within G-quadruplex core in a quantitative way. The conversion from di- 15 NH Figure 4) can be expressed by the two equilibrium constants, K 1 and K 2 ;
where 1, 2 and 3 correspond to the three di-cation forms defined in Figure 4 . ions. The nature and preferential affinity of individual binding site for a given monovalent cation is influenced by different orientation of the loops and syn/anti alternation of the glycosidic torsion angles within individual G-quartets. The binding site U is characterized by syn-anti-anti-anti orientation of guanines in both G19-G22-G10-G14 and G1-G21-G9-G13 quartets (Figure 1a) . In contrast, cation at binding site L is sandwiched between G1-G21-G9-G13 and G12-G8-G20-G2 quartets with syn-anti-anti-anti and syn-syn-anti-anti orientations, respectively, which affects directionality of hydrogen bonds and thus head-to-head versus head-to-tail nature of stacking interactions of guanine residues of the two G-quartets (Figure 1a) . The characteristics of binding site U are defined by the outer G-quartet, which is spanned by the edge-type loop that consists of four thymine residues (T15-T18). Neighboring guanine residue G11 is stacked on the same G-quartet and in this way influences cation interactions at binding site U. In contrast, the outer G-quartet of binding site L is spanned by five residue diagonal loop consisting of four thymines T4-T7 and G3 (Figure 1a) .
In Folding pathways of G-quadruplexes depend significantly on the oligonucleotide sequence and the nature of cations in solution. Folding process can proceed in a stepwise fashion where formation of a G-quartet is in the presence of alkali cations followed by stacking of neighboring G-quartet. Further stacking of additional G-quartets on such dimeric species leads to final G-quadruplex structure. Alternative mechanism results in a folded structure with all cation binding sites being occupied simultaneously. Demonstrations of both scenarios can be found in the literature. The thrombin binding aptamer, d(GGTTGGTGTGGTTGG), for example, forms G-quadruplex structures in the presence of K + ions in a stepwise fashion (49) . A chair-type G-quadruplex structure is formed at one molar equivalent of K + ions per oligonucleotide. The binding of the second K + ion primarily alters the structure of the loop while G-quadruplex remains in a chair-type structure (49) . Tetrahymena telomere sequence d(T 2 G 4 ) forms G-quadruplex monomer at low K + ion concentration (50 mM) and dimer of co-axial G-quaduplexes at 300 mM K + ion concentration (50 
